Compounds structurally related to lysine were tested against Penicillium chrysogenum Wis. 54-1255 for inhibition of growth, sporulation, and penicillin formation. This strain is relatively resistant to lysine analogs. The compounds that were the more active inhibitors of growth and whose activities were reversed by L-lysine were diaminohexynoic acid, N-e-methyllysine, N-a-methyllysine, and diaminopimelic acid. These four compounds also inhibited sporulation, which was more sensitive to inhibition than growth was. Analogs strongly inhibiting benzylpenicillin formation by resting mycelia were diaminohexynoic acid and N-Emethyllysine. The action of the most active analog (diaminohexynoic acid) on penicillin synthesis was reversed by DL-a-aminoadipic acid.
acid reverses the inhibition and also stimulates penicillin formation in the absence of exogenous lysine (6) . Because biosynthesis of both lysine and penicillin involves a-aminoadipic acid as an intermediate, Masurekar and Demain (4) suggested that lysine inhibition of penicillin synthesis is due to inhibition of an enzyme of the common pathway of this branched biosynthetic sequence. They later demonstrated (2) in vivo inhibition ofthe initial enzyme, homocitrate synthase, by lysine. Recently, C. G. Friedrich and A. L. Demain (submitted for publication) have shown that homocitric acid reverses lysine inhibition of penicillin formation in resting cultures, thus proving that homocitrate synthase is the crucial site of the lysine effect.
Masurekar and Demain (5) isolated P. chrysogenum mutants that could grow in the presence of high concentrations of the lysine analogs S-aminoethylcysteine, hydroxylysine, and dehydrolysine. Of these mutants, two overproduced lysine and were inferior to their parent in penicillin production. It was postulated that these mutants were not desensitized to lysine inhibition of homocitrate synthase, but were possibly derepressed in the first enzyme of the lysine biosynthetic branch after the branch point. Unfortunately, this hypothesis cannot be tested because the mutants are no longer viable. Because desensitized mutants might be hyperproducers of penicillin, we feel that it will be desirable to isolate additional deregulated mutants in the future.
Before doing this, however, we decided to examine additional lysine analogs in the hope of finding more active antimetabolites. The preseat work shows that certain ofthese newly examined analogs are more inhibitory, not only to growth but also to penicillin biosynthesis, than the previously used compounds.
MATERIALS AND METHODS
Organism and cultivation. P. chrysogenum Wis. 54-1255 (ATCC 28089) was used. For growth on solid medium, we used Czapek agar (Difco Laboratories, Detroit, Mich.). The incubation temperature was 25°C for all solid and liquid media. For testing the action of analogs against growth on agar, we overlayered petri dishes (50-mm diameter) containing 5 ml of Czapek agar with 1 ml of 0.6% agar containing about 105 conidia. An antibiotic test cylinder was placed in the center of each plate and filled with neutralized antimetabolite solution. The amount of analog used was 10 to 100 mg per plate. Plates were incubated for 4 days and examined periodically for inhibition of growth and sporulation. After day 4,20 mg of L-lysine crystals was placed as a spot on the lawn to test for lysine reversal during the next 3 days.
To determine the action of the analogs against growth in liquid medium, we devised a tube method to conserve the supply of the relatively rare analogs. Two milliliters of double-strength Czapek liquid medium was added to 2 ml of neutralized analog solution in 12-ml tapered centrifuge tubes. After being autoclaved, each tube was inoculated with 106 spores and incubated on the tube roller. At various times, the tubes were removed from the roller and centrifuged for 5 min at 2,000 rpm (International centrifuge, model V; International Equipment Co., Boston, Mass.). After centrifugation, the tubes were left undisturbed for 5 min to allow mycelial expansion, and then the packedcell volume was ascertained. The tubes were next mixed vigorously on a Vortex mixer and placed back on the roller. 706 For studies on penicillin production by resting cells in liquid medium, 5 x 106 conidia were inoculated into 40 ml of Sabouraud-dextrose medium (Difco) supplemented with 0.1% yeast extract in 250-mal triple-baffled Erlenmeyer flasks. The flasks were shaken at 250 rpm in a Psycrotherm incubator (New Brunswick Scientific Co., New Brunswick, N.J.) for 40 h. The mycelia were harvested by sterile filtration and washed three times, each with 80 ml of sterile distilled water. The cake was resuspended in 40 ml of sterile water, and 5 ml of the suspension was inoculated into 35 ml of defined penicillin production medium (2) . After 48 h, mycelia from three production flasks were harvested and washed as above. (At about day 2, the specific productivity of benzylpenicillin is at its highest level.) The mycelia were suspended in 120 ml of starvation medium [1.2 g of (NH4)2HPO4, 12 ml of mineral salts mixture (2) , and 3.3 mg of cycloheximide in 0.1 M sodium phosphate buffer (pH 7.0)] in a 500-ml unbaffled Erlenmeyer flask. After 8 h of starvation, the mycelia were harvested and washed as described above and transferred to 1 liter of sterile distilled water. The viscosity of the suspension decreased markedly, and mycelial clumps were allowed to settle for at most 3 min. The filtration procedure was repeated if necessary so that fine and homogeneous ("fluffy") mycelia were obtained. Duplicate 8-ml samples were removed for dry-weight determinations (24 h at 800C). For resting-cell studies, 8 ml of the starved mycelial suspension was added to 2 ml of sterile fivefold-concentrated suspension medium (2) The relative effectiveness of some of the analogs was next tested in liquid medium (data not shown). Dehydrolysine and hydroxylysine were poor growth inhibitors in liquid medium, as they were in solid medium. S-aminoethylcysteine was a moderate inhibitor in liquid, as in solid. Although N-e-methyllysine proved to be somewhat less inhibitory than expected in liquid, the strong inhibition by diaminopimelic acid confirmed its activity in agar tests. Unfortunately, diaminohexynoic acid was not available for testing at the time of this experiment.
Because spores were used as inocula in the above tests, it is possible that germination was being delayed rather than vegetative growth being inhibited. The analogs were again tested on plates, but, instead of spores, a suspension of washed and starved mycelia was used as inoculum. Nevertheless, the results were similar to those shown in Table 1 where spore inoculation had been used.
Inhibition of growth by an analog and its reversal by lysine could be due to inhibition of any step of lysine biosynthesis or of lysine utilization. To determine whether any of the compounds inhibited steps of lysine biosynthesis before a-aminoadipic acid, we considered testing their effects on penicillin biosynthesis by using resting mycelia of P. chrysogenum. Friedrich and Demain (submitted for publication) found that lysine inhibition of penicillin biosynthesis is reversed by homocitrate, a-ketoadipate, and a-aminoadipate, as would be expected if the lysine effect is specifically at homocitrate synthase. Thus, any analog capable of mimicking lysine's effect on this first enzyme should inhibit penicillin biosynthesis. Penicillin formation was inhibited by diaminohexynoic acid, N-E-methyllysine, and dehydrolysine (Table 2) . On the other hand, diaminopimelic acid, S-amino-ethylcysteine, hydroxylysine, and N-a-methyllysine did not inhibit penicillin fornation (data not shown). The stimulation of penicillin production by a-aminoadipic acid and its ability to reverse inhibition caused by N-e-methyllysine are also shown in Table 2 .
The effect of the analogs on penicillin biosynthesis was also tested in the resting-cell medium supplemented with cysteine and valine. Unfortunately, the supply of two of the active analogs (diaminohexynoic acid and dehydrolysine) had been exhausted at this time. The data shown in Table 3 again indicate the inactivity of diaminopimelic acid, S-aminoethylcysteine, and N-amethyllysine and the activity of N-e-methyllysine as inhibitors of penicillin biosynthesis. Of the analogs tested, the ones showing significant lysine-reversible inhibition of growth and sporulation were diaminohexynoic acid, diaminopimelic acid, N-a-methyllysine, N-Emethyllysine, and S-aminoethylcysteine. Since this effect could be caused by the inhibition of any step of lysine biosynthesis or of lysine utilization, we tested the effect of these analogs on penicillin formation. Only diaminohexynoic acid and N-E-methyllysine inhibited antibiotic formation by resting cells. Although we unfortunately did not have enough diaminohexynoic acid (the most active lysine antimetabolite in this work) to test, we did find that the inhibition by N-e-methyllysine of penicillin synthesis was reversed by a-aminoadipic acid. This finding shows that the analog is probably acting on antibiotic formation by inhibiting homocitrate synthase.
Of importance for future studies is our finding that the three analogs used previously for selection of deregulated mutants (5) are relatively poor growth inhibitors, and, of the three, only dehydrolysine inhibits penicillin biosynthesis but only weakly. The ability ofN-a-methyllysine and diaminopimelic acid to inhibit growth and sporulation but not penicillin formation indicates that their site of inhibition is after a-aminoadipic acid in the lysine branch of the pathway. The greater antimetabolite activity of diaminohexynoic acid and N-e-methyllysine on growth, sporulation, and penicillin biosynthesis strongly recommends them for future attempts to obtain regulatory mutants that may be superior penicillin-producing cultures.
